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The development of assays that measure enzyme activities Table 1. Peptide Substrates Used in Enzyme Assays

underlies much work in cell biology, clinical diagnostics, and drug peptides substrates enzymes

discovery. Recgnt t.echr.ucal advances in microfluidic ryetworks AC-AIYAAPFKKGC-NH, Abl kinase

(«FNs) and in biochip microarrays have separately contributed to p» Ac-EEIYGEFEAKKKC-NH, Src kinase

the development of assays that require few manipulations and that P3 Ac-CKRRALS(p)VASLPGL-NH CK | kinase

can simultaneously measure large numbers of activities. Micro- ACTGPLSPGPFGC-NH Ehfslplgatase 2A,2C
e : : C- - rk-1 Kinase

fluidic networks require small sample .volumes angl can mFegrate P5 Ac-LRRASLGC-NH protein kinase A

several sample processing steps on a single plaffevhile biochips P6 Ac-AKIQASFRGHMARKKGC-NH,  protein kinase C

allow multiple assays to be performed on a single sarhfleis P7 Ac-RKRSRAEC-NH protein kinase G

paper reports a strategy for combiningNs and biochip arrays to PP1  Ac-AlY(p)AAPFKKGC-NH; tyrosine phosphatase

PP5 Ac-LRRAS(p)LGC-NH alkaline phosphatase

assay multiple enzyme activities in a sample.
Microfluidic networks have most commonly been used to

perform homogeneous phase assalyst several recent examples x ‘gﬁﬁ
. NH
have addressed solid-phase format aséaysese examples have A)
emphasized immunoassays to detect, or quantitate, analytes. The y
> -

eptide

PP, Py

I | | inlets

PDMS mold

use ofuFN to assay multiple enzymatic activities is much less
common, in part, because the labeling protocols required to identify
these activities add several additional steps to the assays.

We demonstrate the multi-analyte assay with a set of peptides
that are selective substrates for a panel of kinase and phosphatase eptide —p
enzymes (Table B).The peptides contain a terminal cysteine zgf@ T
residue, which permits immobilization to a self-assembled mono- = A o
layer presenting maleimide group¥o prepare the peptide arrays, i ' ) (i
we used a well-established “criss-cross” procedure for patterning. Kinase treatment e MALDI MS imaging
A poly(dimethylsiloxane) (PDMS) stamp having six parallel (B)
channels in negative relief (500m width, 50 um height) was b 5152 5512
applied to the monolayérand separate aqueous solutions each 100%

3 N Y
L | |

containing a different peptide (0.2 mM) were flowed into the
channels in contact with the monolayer for 30 min (Figure 1A). ! oo
The channels were emptied, and the stamp was removed, washed, £ 13‘;0 2HL0. A ":ﬁ;’ 2200 80 1;!?10 LA
and reapplied to the monolayer in a perpgndicular _qrientation SO Figure 1. (A) This work describes the use ofidN to prepare a peptide
that gach channe! intersected each OT the six immobilized peptldes'array and treat the array with samples that contain kinase and phosphatase
Solutions containing each of the six kinases were next flowed over activities. (B) Mass spectrometry is used to analyze the immobilized
the monolayers fol h at 150nL/min.° We then removed the stamp  peptides. Spectra show maleimide-terminated alkanethiols before (i) and
and used MALDI-TOF MS to analyze the 36 regions of the after_ (ii) r_eaction with a cyst(_eine-terminated_ pepti_de. Treatmgnt of the
monolayer corresponding to treatment of each peptide with each ggp[t)ld(ﬁi)thh a kinase results in phosphorylation, with a mass increase of
of the kinased?11Spectra corresponding to regions where peptides '
had been immobilized but not exposed to kinases showed expectedaneously in six solutions containing different kinases and selective
peaks for cysteine-mediated immobilization of the peptide substrate inhibitors (Figure 2B). The first lane (Figure 2B, K1) contained
(Figure 1B, ii). Only regions containing peptides that were exposed Src and Abl and resulted in the expected phosphorylation of the
to specific kinases showed peaks corresponding to phosphorylationP1 and P2 substrates. Addition of the small molecule Gleevec,
(iii). which is an antagonist of ABE to this mixture (5QuM, lane K2)
Figure 2A summarizes the specificity of each kinase for the panel resulted in a suppression of the phosphorylation of P1. The third
of peptides? The kinases showed the expected specificities toward lane was treated with a mixture of the CK1, PKA, and PKC kinases,
the peptides. For example, the related kinases Abl and Src (andresulting in phosphorylation of peptide substrates P3 andF5
PKA and PKC) show a slight cross-reactivity for their peptide Addition of Go 6850 (an inhibitor of PK&") to this mixture
substrates. (1 uM, lane K4) resulted in a loss of phosphorylation of P6, but
We next illustrate that the peptide arrays can be used to identify with no effect on the other two kinase activities. Finally, the fifth
enzyme activities in a mixture of kinases. Using the technique lane was treated with a mixture of the five kinases used above and
described above, we assayed kinase and inhibitor activities simul-resulted in phosphorylation of all six peptidésAddition of both
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spectrometry to be used to directly determine the modification of

A) & ¢ s & Se B) kikekska kskse (C) L1z L3L4 1518 : o ) - ¢
s sasar 1) e immobilized peptides. The MS detection also allows different

Pl ® P11 L] P18 [ ] ] . . . .

P2 B e e g I classes of enzymatic activities to be assayed with a single protocol.
P3 - Pa T s The combination of these characteristics, which have individually
P4 PS5 X3 F PEEEEN been demonstrated in previous wdké;2%into a single platform

P5 .. P8 - PErmsBEn represents a significant advance in bioanalytical microsystems and
i _ _ FrsEEEERE will be useful in chemical biology and applied biology programs.

Figure 2. (A) An array that was used to profile the phosphorylation of ; _
immobilized peptides by a panel of kinases. Peptides that are patterned in Acknowledgment. This work was supported by the NSF

horizontal lanes are indicated to the left, and samples containing kinasesMRSEC and used the microfluidics and protein expression facilities.

are denoted at the top. The intensities of the spots at each intersection of Supporting Information Available: Details for fabrication of

peptide and sample correspond to the extent of phosphorylation of the . .
immobilized peptides. (B) An array that was used to evaluate selective HFNSs, _preparatlon of SAMs, enzyme assays, mass spectrometrlc
inhibitors of kinases. (C) An array was used to profile kinase and analysis, and cell extract preparation. This material is available free of

phosphatase activities in cell lysates. The intensities of spots in lanes PP1,charge via the Internet at http:/pubs.acs.org.
P3, and PP5 correspond to the extent of dephosphorylation of immobilized

phosphopeptides by phosphatases (see text for explanation). References
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is well-suited for analysis of cell extracts. We used human K562 gamse)é, J.JMAnaI.SCh’\eI:_rI?flggz 6_?, %istélzh(b) 5833’57% g,é;_ %r;in-
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activities and three phosphorylated peptides (P3, PP1, and PP5) (5) See Supporting Information for references on substrate sequences.

that report on phosphatase activiﬂés (6) Houseman, B. T.; Gawalt, E. S.; Mrksich, Mangmuir2003 19, 1522-
) ’ N 1530.
We assayed a series of cell cultures and small molecule inhibitors.  (7) (a) Delamarche, E.; Bernard, A.; Schmid, H.; Bietsch, A.; Michel, B.;
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Informationfor enzyme concentrations applied.

2A/2(? and alkaline phosphatase were also aqtive' The second Iane(10) Prior to MALDI MS analysis, the substrate (2.5 cm long by 2.5 cm wide)
contained extracts from K562 cells cultured with Gleevecy5D was treated with 2,4,6-trinydroxyacetophenone (THAP &0 10 mg

. . .. . -1
L2). Mass spectra from this lane reveal that Abl kinase activity is ;9 r(‘;'; o acetone). | MAngew. Chem., Int. EQ002 41, 47154719,

inhibited, without affecting the other kinase activitiésAddition (b) Min, D.-H.; Su, J.; Mrksich, MAngew. Chem., Int. EQ2004 43,
i 5973-5977.
of Glee_V?C tO_ Ce_” _e_XtraCtS not cultured with th? druQ(LS) gfave (12) Phosphorylation of immobilized peptides is determined from the relative
less efficient inhibition of Abl. The more effective inhibition in intensities of substrate and product peaks in MALDI MS spectra and
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i inhibiti i i (14) Toullec, D.; Pianetti, P.; Coste, H.; Bellevergue, P.; Grand-Perret, T.;
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from cells that were treated with the phosphatase 2A inhibitor (16) Daley, G. Q.; Van Etten, R. A.; Baltimore, Bciencel99Q 247, 824—

calynulin A (20 nM, L5) gave a sharp decrease in dephosphorylation 830. ) o )
f P3. Additi f cal lin A to th Il extracts (L6 | (17) K562 cell extracts had no detectable CK | kinase activity. The peptide
Y . ition of calynulin A to the cell extracts (L6) gave less substrate P3 therefore only serves as a substrate for evaluating phosphatase
inhibition on phosphatase 2A, again indicating the inhibition of 18 ZDAIZkC aCéivi}Iy_- T S Buchd £ Ohmo. S.- Seaal G. M.
intracellular phosphatase by calynulin A is more efficient. (19 Fanning, 5. Zimmermann. 1 Lydon N Bat. Med 1096 2 R6L-
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volumes. PDMS(FNs are also readily scaled to systems having a 720. (b) Sia, S. K.; Whitesides, G. MElectrophoresis2003 24,

higher channel density. The self-assembled monolayers provide low 356373576
background assays of activities in complex samples and allow mass JA0513710
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